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ABSTRACT

The heat shock protein haem oxygenase-1 (HO-1) and the enzyme inducible nitric oxide
synthase (iNOS) are both induced during conditions of oxidative stress and by pro-
inflammatory mediators. Both HO-1 and iNOS may therefore be induced by a range of
disease states that result in tissue inflammation. Both have been demonstrated to have
potentially beneficial anti-inflammatory effects. Both HO-1 and iNOS and their respective
gaseous products carbon monoxide and nitric oxide have being the subject of investigation
as potential therapeutic targets for human respiratory disease, most notably asthma. The
pathogenesis of inflammatory diseases of the equine lower respiratory tract has many
similarities with human asthma and both HO-1 and iNOS have been demonstrated in fixed

equine pulmonary tissue.

The aim of the study was to investigate the expression of HO-1 and iNOS in the equine
respiratory tract. The primary objective was to investigate whether HO-1 and iNOS were
expressed within leukocytes from equine BALF and to semi-quantify expression in
different cell types. If it proved possible to characterise and quantify expression, additional
aims were to investigate associations between HO-1 expression, iNOS expression, clinical

signs of respiratory disease and markers of oxidative stress in exhaled breath condensate.

We were successful in demonstrating the expression of both HO-1 and iNOS in leukocytes
from equine BALF. Expression was most intense in macrophages and neutrophils which
was consistent with previous studies performed in other species. We did not identify an
association between the degree of HO-1 or iNOS staining in leukocytes from BALF and
the severity of clinical respiratory disease. We also failed to identify an association
between expression of HO-1 and iNOS in leukocytes from BALF and markers of oxidative
stress in exhaled breath condensate. Further investigations ought to be performed into the

expression and activity of both HO-1 and iNOS in the equine respiratory tract.
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CHAPTER 1

INTRODUCTION

1.1 Epidemiology and Aetiopathogenesis of Recurrent Airway

Obstruction

1.1.1 Definition

An association between stabling and equine respiratory disease is well documented in
historical texts and has likely afflicted equids for as long as they have been domesticated
within confined airspaces. In 333 BC, Aristotle described a characteristic “heave” or
expiratory effort associated with the condition (Smith 1919). In the last century the
association between dusty or mouldy hay and occurrence of the condition was reported
(Gillespie and Tyler 1969; Gerber 1973). Of the lower airway inflammatory conditions that
affect horses, recurrent airway obstruction (RAO) is probably the best understood. A
number of terms have been used to describe the clinical manifestations of the condition
including heartache, heaves, broken wind, chronic obstructive pulmonary disease and
recurrent airway obstruction (McPherson and Thomson 1983; Beech 1991). Other terms
based on aetiopathogenesis have included allergic airway disease, hay sickness, chronic
bronchiolitis, small airway disease and emphysema (McPherson and Thomson 1983;
Beech 1991; Mair and Derksen 2000; Ainsworth and Hackett 2004). An international
workshop on chronic airway disease held in Michigan in 2000 resulted in the publication

of a consensus statement:

“The term ‘heaves’ or recurrent airway obstruction should be used for the mature horse
with airway obstruction that is reversed by a change in environment or the use of
bronchodilators” (Robinson 2001).

The term ‘equine COPD’ was derived from the human literature and used to describe the
syndrome of airway obstruction, mucus accumulation and neutrophilic inflammation in the

mature horse (Sasse 1971). However, human COPD is a progressive irreversible condition



2

generally associated with smoking and is different from ‘heaves’. The Michigan workshop

concluded:

“New information in human and equine medicine has revealed major differences between
human COPD and equine ‘heaves’ so that, at present, it is no longer appropriate to use the

term COPD in equine medicine” (Robinson 2001).

Recurrent Airway Obstruction (RAQ) is associated with housing, most commonly during
the winter months. A clinically indistinguishable condition with similar clinicopathological
features that occurs between spring and early autumn in horses at pasture has been termed
summer pasture-associated obstructive pulmonary disease or SPAOPD (Beadle 1983). The
acronym SPARAO might be considered to be more appropriate given the similarities with
RAO and the absence of any clinicopathological association with human obstructive
pulmonary disease. Recurrent airway obstruction and SPARAO are not mutually
exclusive. Approximately 10% of horses with RAO also suffer from SPARAO and
approximately 50% of horses with SPARAQO demonstrate hypersensitivity to hay and straw
(Mair 1996).

1.1.2 Epidemiology

Respiratory disease is the second most common cause of lost training days and retirement
in racehorses after orthopaedic disease (Morris and Seeherman 1991; Rush and Mair
2004). The true prevalence of RAO is unknown; however estimates have varied from 2%
to 80% depending upon inclusion criteria (McPherson et al. 1978; Larson and Busch 1985;
Winder and von Fellenberg 1987; Bracher et al. 1991; Morris and Seeherman 1991). In the
United Kingdom, RAO is recognised as a common cause of chronic coughing (McPherson
and Thomson 1983) yet the true prevalence is unknown. From 270 horses presenting to a
University Clinic in Scotland, 148 (54.8%) were diagnosed with RAO (Dixon et al.
1995a), however this prevalence information was derived from a population of referred
horses and is unlikely to represent the true prevalence of disease. In another study of 106
cases with chronic pulmonary disease referred to a University in the South West of
England, 91 were diagnosed with RAO (Mair 1987). In Switzerland, which has a climate
that is broadly comparable to the United Kingdom, a prevalence of 54% was determined
based upon the results of clinical examination, endoscopy, tracheal wash cytology and

arterial blood gases (Bracher et al. 1991). Unfortunately these studies were performed prior
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to publication of a consensus statement on what constituted RAO and attempts at
differentiation between RAO and inflammatory airway disease (IAD) (Robinson 2001).
The disease is reportedly more common in the northern hemisphere where horses are
stabled through winter and fed hay cured during humid weather in the summer (Robinson
et al. 1996). The condition is rare in the warmer, drier regions of the United States
(Robinson et al. 1996) and has not been reported in Australia. In an abattoir survey of 166
horses in the northern United States of America (USA), 12% of horses had inflammatory

lesions of the bronchi (Larson and Busch 1985).

Several studies with inconsistent inclusion criteria have reported gender or breed
predilections (McPherson et al. 1979b; Dixon et al. 1995b; Seahorn et al. 1996; Aviza et
al. 2001; Couetil and Ward 2003;) often with conflicting findings. Although one large
retrospective study of 1,444 horses identified thoroughbreds to be at greater risk than
ponies (Couetil and Ward 2003), there is no convincing evidence of an association between
breed or gender and RAO. There does appear to be an association with age; most horses
are 7 years of age or older at time of diagnosis (Couetil and Ward 2003; Couetil and
Hinchcliff 2004; Lavoie 2007) and the mean age in one study was 12 years (Aviza et al.
2001).

A heritable basis for RAO has long been suspected. Only a proportion of horses kept under
identical conditions will develop RAO and a high prevalence of the disease within families
of horses has been reported (Gerber 1989). Marti et al. (1991) identified a genetic
predisposition to chronic respiratory disease in populations of German Warmblood and
Lippizaner horses with an increased prevalence in horses with one parent affected by the
disease and a further increase in prevalence if both parents were affected. Management
conditions appeared to influence development of the disease in genetically predisposed
individuals demonstrating that both genotype and environment influence development of
the disease. This work was supported by evidence for genetic influences on the production
of allergen specific IgE thought to be via an association with genes encoding for major
histocompatability complexes (MHC) (Eder et al. 2001).

By contrast to RAO, SPARAO most commonly occurs from late spring to early autumn in
horses that are at pasture. No genetic or breed predisposition for SPARAO has been
identified (Seahorn and Beadle 1993; Mair 1996) and the reported mean age of horses with
the condition is 10 — 14 years (Seahorn and Beadle 1993; Rush and Mair 2004). The
genetic basis of SPARAO has not been investigated.



1.1.3 Aetiology

The association between RAO and poor quality hay has been recognised for over 100 years
(Cagney et al. 1904) and the connection between the disease and poor air quality was later
established (McPherson et al. 1979b). Conventional equine housing systems expose horses
to high levels of airborne particulates that arise from feed and bedding (Clarke 1987;
Webster et al. 1987; Woods et al. 1993; Vandenput et al. 1997; McGorum et al. 1998).
Stable dust may contain a myriad of agents including around 70 species of fungi and
actinomycetes, numerous species of forage mites, endotoxins and inorganic components
(Halls and Gudmundsson 1985; Clarke and Madelin 1987; Woods et al. 1993; Pirie et al.
2002, 2003a). The relative importance of individual agents in the pathogenesis of the
disease is yet to be elucidated and has been the subject of considerable scientific

investigation (Robinson 2001).

1.1.3.1 Moulds

Aspergillus fumigatus, Faenia rectivirgula (formerly Micropolyspora faeni) and
Thermoactinomyces vulgaris are particularly abundant in poor quality hay (Woods et al.
1993) and have been suspected to be aetiological agents of RAO. Inhalation of A.
fumigatus or F. rectivirgula has been identified to cause a neutrophilic pulmonary
inflammatory response and impaired pulmonary function in horses with RAO but not
control horses (McPherson et al. 1979a; Derksen et al. 1988; McGorum et al. 1993d).
Horses with RAO have significantly higher levels of IgE to mould allergens in
bronchoalveolar lavage fluid (BALF) (Halliwell et al. 1993; Schmallenbach et al. 1998;
Eder et al. 2000) and serum (Eder et al. 2000) compared to control animals. Horses with
RAO show a greater disease response to hay and straw exposure than to experimental
mould extracts (McGorum et al. 1993c) suggesting that other factors present in hay/straw
are also important in triggering disease. Moulds contain a number of components that may
contribute to disease in humans and animals including glucans, proteases and mycotoxins
(Williams 1997). In horses, hay dust suspensions with a higher concentration of B-glucan
are more likely to induce airway inflammation (Pirie et al. 2002) and in humans, B-glucan
potentiates the inflammatory response to other agents, particularly endotoxin (Williams
1997). By contrast, horses with SPARAO do not have increased circulating concentrations
of mould or pollen specific IgG or IgE (Seahorn et al. 1997).



1.1.3.2 Endotoxin

Experimentally, endotoxin exposure induces a dose-dependent airway neutrophilia in both
horses with RAO and horses with no evidence of airway disease (Pirie et al. 2001). In
addition, airway dysfunction occurs in horses with RAO after exposure to endotoxin (Pirie
et al. 2001). Endotoxin has the capacity to prime neutrophils and inhibit neutrophil
apoptosis (Pirie et al. 2001). Endotoxin has also been demonstrated to have a synergistic
effect with organic dust particles (particularly mould spores) in inducing neutrophilic
airway inflammation (Pirie et al. 2003b). However, reported concentrations of endotoxin
in stables in Sydney, Australia (where RAO has not been reported) were similar to those
reported previously in the UK (Malikides 2004).

1.1.3.3 Mites

Forage mites have been implicated in the aetiopathogenesis of occupational asthma in
humans (Cuthbert et al. 1979) and are present in high concentrations in the stable
environment (Halls and Gudmundsson 1985; Clarke and Madelin 1987; Woods et al.
1993). Although their importance has been investigated, meaningful conclusions regarding

their importance in the aetiopathogenesis of RAO have not been reached (Robinson 2001).

1.1.3.4 Non-specific hyperreactivity

Horses with RAO develop a generalised airway hyperreactivity (Derksen et al. 1985b) and
are sensitive to non-specific inflammation by environmental factors such as noxious gases
(ammonia, hydrogen sulphide and ammonia), inorganic dusts and cold or dry air (Lavoie
2007).

1.1.3.5 Bacterial and viral infections

Circumstantial evidence has led to the suggestion that bacterial or viral infections may
predispose to the development of RAO (Gerber 1973; Lavoie 1997; Mair and Derksen

2000) however this remains to be substantiated.



1.1.4 Pathogenesis

The series of events between exposure of horses to aetiological agents and the
development of clinical signs is yet to be elucidated fully; from what is currently known it

would appear to be highly complex.

1.1.4.1 Inflammation

1.1.4.1.1 Hypersensitivity reactions
It is well established that IgE-mediated reactions play an important role in asthma in

humans (Guo et al. 1994; Coyle et al. 1996). The finding that horses with RAO have
significantly higher concentrations of IgE directed against mould allergens in
bronchoalveolar lavage fluid (BALF) (Halliwell et al. 1993; Schmallenbach et al. 1998;
Eder et al. 2000) and serum (Eder et al. 2000) than unaffected horses is consistent with a
Type | hypersensitivity response. Alternatively, such findings could merely represent
sensitisation of horses following exposure. Conversely, in one study, tracheal wash fluid
from horses with SPARAO contained lower concentrations of IgE than that collected from
control horses (Seahorn et al. 1997). Typically, clinical signs of RAO are not seen
immediately following exposure of susceptible animals to allergen, suggesting an IgE
mediated mast cell response (a classical Type | hypersensitivity reaction) is not central to
the disease process. However, involvement of IgE and mast cells in the aetiology of RAO
cannot be dismissed.

Increased concentrations of serum precipitating antibodies to F. rectivurgula in one study
was consistent with a Type Il hypersensitivity response in horses with RAO (Halliwell et
al. 1979), however in another study increases in precipitating antibodies were not
identified consistently (Lawson et al. 1979). Furthermore, pathological changes in RAO

are not characteristic of a type Il hypersensitivity response (Lawson et al. 1979).

1.1.4.1.2 Mast cells
The role of mast cells in the pathogenesis of RAO remains controversial. In response to

allergen challenge, the concentration of histamine in pulmonary epithelial lining fluid
(PELF) has been shown to increase coincident with a decrease in the number of mast cells
in BALF (Derksen et al. 1988; McGorum et al. 1993c). These findings are consistent with
the degranulation of mast cells in response to allergen (Derksen et al. 1988; McGorum et
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al. 1993c). In vitro, pulmonary mast cells from horses with RAO degranulate faster in
response to challenge with fungal antigens than do those from control horses, consistent
with sensitisation of mast cells in horses with RAO (Hare 1999). Mast cells from both
healthy and RAO-affected horses have been shown to degranulate in response to challenge
with hay dust suspension in vitro (Dacre et al. 2005), however numbers of mast cells have
been demonstrated to increase to a similar degree after antigen exposure in both RAO and
control horses (Marlin et al. 2005). A recent study demonstrated that the number of
chymase-positive mast cells was increased in the bronchial and bronchiolar walls of horses
with RAO with a relationship being identified between numbers of chymase positive mast
cells and both pulmonary fibrosis and infiltration of lymphocytes and neutrophils (van der
Haegen et al. 2005).

1.1.4.1.3 TH1 vs TH2 lymphocyte responses
Lower airway inflammation, reversible airway obstruction and bronchial hyper-

responsiveness are characteristic of both human asthma and RAO. A T helper type 2 (TH2)
response is involved in the aetiopathogenesis of human asthma and it has been postulated
that similar mechanisms would also be prominent in RAO (Lavoie 2007). Evidence of IgE-
mediated degranulation of mast cells and the discovery that histamine levels in BALF are
increased 5 hours after natural challenge (McGorum et al. 1993b) were consistent with
TH2 response in horses with RAO. Furthermore, increased mRNA expression for
interleukin-4 (1L-4) and interleukin-5 (IL-5) and decreased expression for interferon
gamma (IFNy) in BALF have been identified (Lavoie et al. 2001; Cordeau et al. 2004;
Horohov et al. 2005) providing further evidence of a TH2 response. Interleukin-4
stimulates proliferation of the TH2 cell phenotype and induces B lymphocytes to produce
IgE consistent with previous findings of increased IgE in BALF and serum following
induction of disease (Eder et al. 2000; Halliwell et al. 1993; Schmallenbach et al. 1998).
Conversely, other authors did not demonstrate characteristic TH-2 cytokine profiles in
horses with RAO (Beadle et al. 2002; Giguere et al. 2002; Ainsworth et al. 2003; Kleiber
et al. 2005) and failed to demonstrate a correlation between antigen-specific IgE and
expression of disease (Dixon et al. 1996; Eder et al. 2000) casting doubt that the
mechanism of disease is a typical TH2 response. Furthermore, 1gG responses in horses
with RAO identified in some studies would be more consistent with a T helper type 1
(THL) response than a TH2 response (Halliwell et al. 1993; Ainsworth et al. 2002). The
reason for discrepancies between studies is unclear; however they may include differences

in challenge, differing methodologies, interaction of other non-allergic pro-inflammatory
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aetiological agents or differences in time points of the disease process at which samples
were collected.

1.1.4.1.4 Neutrophils
A TH-2 response and the release of increased levels of 1L-5 would be expected to result in

eosinophilia as occurs in human asthma; however this is an uncommon cytological finding
in the airways of horses with RAO and SPARAO in which neutrophils are the predominant
inflammatory cell. Blood and airway neutrophils are activated in horses with RAO
(Tremblay et al. 1993; Marr et al. 1997; Pellegrini et al. 1998; Brazil et al. 2005) and
accumulate in the airways of diseased animals within 6 hours of exposure to mouldy hay
(Fairbairn et al. 1993b; Pirie et al. 2001; Brazil et al. 2005). Apoptosis of neutrophils is
delayed in horses with RAO contributing to the neutrophilia in the peripheral airways
(Brazil 2000; Turlej et al. 2001). The triggers for neutrophil migration to the airway are
poorly understood, however upregulation of mMRNA expression of the neutrophil
chemoattractants IL-8, macrophage inflammatory protein 2 (MIP-2), IL-1B and TNF-a
have been shown to be up-regulated in RAO (Franchini et al. 1998; Franchini et al. 2000;
Giguere et al. 2002; Laan et al. 2005). In one study, expression of IL-8 mMRNA remained
increased even when horses were in remission (Giguere et al. 2002). Interleukin-17
(secreted by activated T-cells) promotes maturation, chemotaxis and activation of
neutrophils; increased mMRNA expression of this cytokine was found in horses with RAO
following exposure to mouldy hay (Debrue et al. 2004). Recent evidence suggests an
important role for airway-derived IL-8 in neutrophil chemotaxis with IL-17 not being
upregulated until later in the course of disease (Ainsworth et al. 2006). In man some TH-2
cytokines such as IL-4 are able to modulate neutrophil kinetics hastening neutrophil
maturation and delaying apoptosis (Bober et al. 1995; Girard et al. 1997).

Neutrophils produce pro-inflammatory cytokines and chemokines including TNF-a, IL-1p,
IL-6, IL-8 and MIP-2 (Joubert et al. 2001; Giguere et al. 2002). Increases in mMRNA
expression of IL-13, TNF-a and IL-8 are consistent with increased nuclear factor kappa
beta (NF-«P) activity in RAO (Bureau et al. 2000a; Bureau et al. 2000b; Sandersen et al.
2001).

Nuclear factor-xf is activated by, and regulates expression of, a number of inflammatory
cytokines (including IL-1B, TNF-a and IL-8) and is associated with resistance of
inflammatory cells to apoptosis resulting in autoregulatory positive feedback loops that
potentiate the inflammatory process (Barnes 1997). Nuclear factor-«f is also activated by
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endotoxin (Barnes 1997). Nuclear factor-kp complexes identified in RAO were p65
homodimers rather than the more typical p65-p50 heterodimers; a finding that might
explain the bias toward a neutrophilic rather than an eosinophilic inflammatory response
(Sandersen et al. 2001) considering that p65 homodimers induce IL-8 production (a potent
neutrophilic chemoattractant) whereas p65-p50 heterodimers induce eotaxin production (a
potent eosinophilic chemoattractant). Bronchial NF-xf activity strongly correlates to
airway neutrophilia and its activity remains increased until granulocyte death (Bureau et al.
2000a).

Activated neutrophils may potentially contribute to the pathogenesis of RAO by a number
of pathophysiological mechanisms. Neutrophils may release up to 50 histotoxins including
reactive oxygen species, proteases (elastase, collagenase, metalloproteinase-9) which may
contribute to tissue damage and release of pro-inflammatory mediators (LTB4, platelet-
activating factor, thromboxane A;, LTAs, lactoferrin, myeloperoxidase, lysozyme and
nitric oxide) (Lavoie 2007). Pathologic increases in collagenolytic activity associated with
increased expression and synthesis of matrix metalloproteinase-8 (MMP-8) and matrix
metalloproteinase-13 (MMP-13) have been identified in horses with RAO (Koivunen et al.
1997a). Excessive synthesis of these enzymes may result in destruction of the extracellular
matrix and basement membrane, facilitating recruitment of inflammatory cells to sites of
inflammation (Riley et al. 1988). Gelatinolytic and elastinolytic MMPs including MMP-2
and MMP-9 are also upregulated in horses with RAO and may be involved in the
pathogenesis of this disease (Koivunen et al. 1997b; Raulo and Maisi 1998; Raulo et al.
2000; Raulo et al. 2001; Nevalainen et al. 2002; Simonen-Jokinen et al. 2005a; Simonen-
Jokinen et al. 2005b).

Increases in the production of neutrophil elastase 2A have also been identified in horses
with RAO (Brazil 2000). Myeloperoxidase activity is increased in the BALF of horses
with RAO during disease exacerbation and remission and may prove to be a marker of

neutrophil activation (Art et al. 2006).

1.1.4.1.5 Oxidative and Nitrosative injury
Reactive oxygen species (ROS) and reactive nitrogen species (RNS) may enter the lung by

inhalation or, more commonly, are generated by endogenous enzymatic or other chemical
reactions. Reactive oxygen species is a collective term for multiple free oxygen radicals
such as the super oxide anion and hydroxyl radicals and derivatives of oxygen that do not
contain unpaired electrons such as hydrogen peroxide, hypochlorous acid, peroxynitrite
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and ozone. The products of reaction between NO and super oxide, such as peroxynitrite,
NO,CI and NO,* are more reactive than their precursors. Simultaneous release of the two

molecules is common during inflammatory processes and enhances cytotoxicity.

Production of free radicals is an inevitable consequence of normal metabolic processes in
all cells. The major function of ROS and RNS is the killing of invading micro-organisms.
These molecules may be generated in granulocytes by peroxidases which catalyse the
reaction of hydrogen peroxide with halides leading to the formation of hypohalides such as
hypochlorous acid (Andreadis et al. 2003). In addition, all activated phagocytes
(macrophages, monocytes, neutrophils and eosinophils) generate superoxide anions in
response to activation of the membrane bound NADPH-oxidase complex by particulate
matter, micro-organisms and other mediators (Henricks et al. 1986; Babior 2000).
However, exposure of tissues to increased levels of ROS and RNS results in damage to
DNA, lipids, proteins and carbohydrates, neutrophil migration and sequestration, and
escalation of the inflammatory process. Considerable research has focused on the
regulation of redox sensitive transcription factors during periods of oxidative stress.
Nuclear factor-kf and activation protein-1 (AP-1) are fundamental in the inflammatory
response and are activated by both ROS and RNS (Barnes 1997). Furthermore, synergistic
activity has been demonstrated between ROS/RNS and inflammatory mediators such as
TNF-a (Bowler and Crapo 2002).

Oxidative or nitrosative stress is an imbalance between numbers and activity of oxidants
and anti-oxidants. Pulmonary epithelial lining fluid and lung tissues contain enzymes and
chemicals to protect against nitrosative and oxidative injury. The most important anti-
oxidant enzyme systems are the copper-zinc super oxide dismutases which rapidly convert
the super oxide anion to hydrogen peroxide, catalase which converts hydrogen peroxide
into water and oxygen and the glutathione redox system (GSH-peroxidase and GSH-
reductase) that inactivates NO, hydrogen peroxide and other hydroperoxides (Cantin et al.
1990; Repine et al. 1997; Pietarinen-Runtti et al. 2000). Other molecules that scavenge
free radicals in the airways include vitamin E (a-tocopherol), vitamin C (ascorbic acid),
uric acid, p-carotene, flavonoids, taurine, lactoferrin, albumin and bilirubin. There are
marked differences between the anti-oxidant defenses in the upper and lower respiratory
tract. Bronchoalveolar lavage fluid contains ceruloplasmin and transferrin and large
amounts of ascorbic acid and glutathione [95% of which is in a reduced state (Cantin et al.
1987)] (Horvath et al. 2005). However, little data exists on the normal range of anti-

oxidant defences in epithelial lining fluid and marked differences may occur between
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normal individuals. Asthmatics have been shown to have reduced levels of ascorbic acid
and tocopherol within ELF; however how this reduction relates to antioxidant defences is

unknown (Bowler and Crapo 2002).

Whilst there is a huge quantity of circumstantial evidence implicating oxidative stress in
the pathogenesis of inflammatory lung diseases, the hypothesis is unproven due to the
absence of any potent anti-oxidants that could be used to demonstrate the importance of the

oxidant/anti-oxidant balance (Horvath et al. 2005).

Considering the above caveat, there is considerable circumstantial evidence of the
importance of ROS and RNS in the pathogenesis of pulmonary disease in man, in
particular acute respiratory distress syndrome (ARDS), interstitial lung disease, cystic
fibrosis, COPD and asthma (Huie and Padmaja 1993; Repine et al. 1997; Vallyathan and
Shi 1997; Goldstein and Czapski 2000; Folkerts et al. 2001; Bowler and Crapo 2002).
Horses with RAO have been shown to have evidence of pulmonary oxidative stress on the
basis of oxidation of glutathione in the pulmonary epithelial lining fluid (PELF) (Art et al.
1999) and a decrease in reduced ascorbic acid in PELF and plasma (Deaton et al. 2004a;
Deaton et al. 2006). However, in another study, when horses with RAO were challenged
with organic dust there was no evidence of severe pulmonary oxidative stress despite

ascorbic acid consumption (Deaton et al. 2005a).

1.1.4.1.6 Macrophages
Whilst most research has centred on the role of the acquired immune system in the

pathogenesis of RAO, there is evidence of the involvement of macrophages and other
antigen-presenting cells in the disease. It has been suggested that BAL macrophages from
RAO-affected horses are in an increased state of activation (Tremblay et al. 1993)
compared to control horses and exhibit an increased expression of the neutrophil
chemoattractants TNF-a, IL-1p, and IL-8 (Laan et al. 2005; Laan et al. 2006).

1.1.4.1.7 Non-inflammatory cells
The importance and role of epithelial cells in the pathogenesis of RAO is poorly

understood. The location of airway epithelial cells affords these cells an important role in
determining responses to the environment and they are able to signal to, and receive
signals from, the innate and adaptive limbs of the immune system (Ainsworth 2005).

Bronchial epithelial cells of horses with heaves have been demonstrated to express
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increased quantities of NF-xf that correlate to decreased airway function and BALF
neutrophilia (Bureau et al. 2000a; Bureau et al. 2000b). Bronchial epithelial cells of horses
with SPARAO demonstrate increased immunoreactivity to inducible nitric oxide synthase
(iNOS) (Costa et al. 2001) which may down-regulate the TH1 response in favour of a TH2

response.

1.1.4.2 Bronchoconstriction

The importance of bronchospam in the pathogenesis of RAO is demonstrated by the rapid
improvement in clinical signs and pulmonary function following administration of
bronchodilators (Murphy et al. 1980; Pearson and Riebold 1989; Erichsen et al. 1994). The
precise cause of the bronchospasm is unknown and is likely multifactorial. Anticholinergic
and P,-adrenergic agonists have similar bronchodilatory effects suggesting that muscarinic
receptors are important in mediating bronchospasm (Robinson 2001).

Multiple inflammatory mediators including endothelin-1, serotonin/5-HT, histamine and
leukotriene D; (LTD,4) have the potential to induce bronchoconstriction via specific
receptors (Derksen et al. 1985a; Klein and Deegen 1986; Benamou et al. 1998; Marr et al.
1998b; Doucet et al. 1990; Guthrie et al. 1992; Olszewski et al. 1997; Olszewski et al.
1999a; Olszewski et al. 1999b) however their relative importance is unknown. Histamine,
5-HT and LTD, increase the response of smooth muscle to acetylcholine (Ach) and
histamine and 5-HT also increase the release of Ach from these nerves. Antagonism of
histamine or leukotrienes fails to induce a significant clinical response suggesting that
these mediators are not central to the induction of bronchoconstriction (Lavoie et al. 2002;
Marr et al. 1998a; Olszewski et al. 1999a). Reduced inhibition of bronchoconstriction by
inhibitory nonadrenergic noncholinergic nerves may also have a role (Yu et al. 1994).

1.1.4.3 Mucus accumulation

Mucus is a complex biofilm composed of water, electrolytes, enzymes, epithelial and
inflammatory cells and mucins (high molecular weight O-linked glycoproteins) secreted by
goblet cells in the surface epithelium and subepithelial glands (Robinson 2001). Mucus

accumulation may be a consequence of increased secretion (Kaup et al. 1990), alterations
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in the ciliary apparatus or increased mucus viscosity (Robinson 2001). The presence of
large quantities of mucus is a consistent finding in the airways of horses with RAO (Dixon
et al. 1995a; Robinson et al. 1996). Mucus produced in diseased animals is of higher
viscosity and slower to clear than in control animals (Gerber et al. 2000) and may remain
present even during periods of remission (Jefcoat et al. 2001). Accumulation of mucus in
the lower airways is associated with airway neutrophilia and coughing (Robinson et al.
2003). Increased tracheal secretions are produced in horses with RAO within 5 hours of
challenge (Pirie et al. 2001). Quantitative and qualitative changes in the carbohydrate side-
chains occur in the mucins of horses with RAO (Jefcoat et al. 2001) which may be the
result of expression of different mucin genes. One mucin in particular, egqMUC5AC
appears to be upregulated in horses with RAO (Gerber et al. 2003b). Accumulation of
mucus may result in plugging of the distal airways and ventilation-perfusion mis-matching

as well as predisposing affected animals to secondary bacterial infection (Lavoie 2007).

1.1.4.4 Airway remodelling

RAO has generally been considered to be a reversible disease; however evidence exists of
progressive loss of pulmonary function as the disease progresses. A relationship between
pulmonary function and bronchiolar remodelling post mortem has been identified (Kaup et
al. 1990). Pulmonary smooth muscle mass may increase 3-fold in horses with RAO
resulting in narrowing of the peripheral airways. In human asthma, smooth muscle
hypertrophy is the most important contributor to increased airway resistance and it is
proposed that the process may be of similar importance in horses with RAO (Lavoie 2005).
Peribronchiolar fibrosis and epithelial hyperplasia also occur in response to chronic
inflammation of the airways and will contribute to a narrowing of the airways (Kaup et al.
1990).

1.1.5. Pathology

The results of macroscopic examination of the lungs of horses affected by RAO indicate
that pathology may be variable in distribution and severity (Gerber 1973; Beech 1991).
The lungs may appear normal or there may be evidence of hyperinflation and pallor
(Gerber 1973; Beech 1991). With severe disease, hyperinflation may be evident as

emphysema, however this finding must be interpreted with caution as it may be identified
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in older horses in the absence of respiratory disease (Thurlbeck and Lowell 1964). An
increased quantity of exudate is commonly present within the airways.

Histological abnormalities of RAO are most notable within the distal airways. Mucus,
neutrophils and other cellular debris are present within the airways often coalescing to
form pools of exudate and mucin plugs (Thurlbeck and Lowell 1964; Kaup et al. 1990).
The distal airways show evidence of smooth muscle hypertrophy, lymphocytic and
plasmacytic  infiltration, epithelial  metaplasia,  desquamation, goblet  cell
hyperplasia/metaplasia and fibrosis (Thurlbeck and Lowell 1964; Winder and von
Fellenberg 1987; Kaup et al. 1990). Eosinophilia is not a consistent finding in contrast to
the findings of examination of the distal airways from patients with asthma (Barnes 1987).
Bronchiectasis may result in separation of the cartilaginous plates of the dilated bronchi,
disruption of chondrocyte arrangement and a reduction in the number of elastic fibres in
the lamina propria (Lavoie et al. 2004). It has been reported that fibrosis and emphysema
are not prominent findings in horses with SPARAO (Costa et al. 2000b), however this is

possibly due to the smaller case numbers that have been examined.

1.2 Epidemiology and Aetiopathogenesis of Inflammatory Airway

Disease

1.2.1 Definition

The term “inflammatory airway disease” (IAD) was proposed in 2000 to distinguish a less
severe form of respiratory tract inflammation from recurrent airway obstruction (Robinson
2001). In 2002, a workshop entitled “Inflammatory Airway Disease: defining the
syndrome” was held to clarify what was known of the clinical presentation, epidemiology,
diagnosis, functional consequences and pathology of the syndrome (Robinson 2003).
Further research into the syndrome followed and in 2007 the American College of
Veterinary Internal Medicine published a consensus statement in order to further clarify the
distinctions between IAD and RAO (Couétil et al. 2007). The authors of the consensus
statement proposed the following minimum criteria to define the IAD phenotype in horses

of any age:

e Poor performance, exercise intolerance, or coughing, with or without excess

tracheal mucus.
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e Nonseptic inflammation detected by cytologic examination of bronchoalveolar
lavage fluid (BALF) or pulmonary dysfunction based on evidence of lower airway
obstruction, airway hyper-responsiveness, or impaired blood gas exchange at rest

or during exercise.

Further, the authors proposed the following exclusion criteria:

e Evidence of systemic signs of infection (fever, haematologic abnormalities
compatible with infection).

e Increased respiratory effort at rest (i.e., heaves) (Couétil et al. 2007)

The authors of the consensus statement acknowledged that tracheal inflammation and
infection are prevalent in horses, especially young racehorses (Christley et al. 2001; Wood
et al. 2005a) and that the narrow inclusion criteria proposed in the statement excluded
these cases. The link between such cases, seen commonly in the United Kingdom, and IAD
as defined above remains to be established. This and other controversies, most notably
differing methods of diagnosis, definitions of cytological findings and the validity of TA

findings have prevented the above recommendations from achieving universal acceptance.

1.2.2 Epidemiology

The prevalence and incidence of IAD is likely to vary between differing populations of
horses and comparison between studies is difficult due to differing inclusion criteria.
Different sub-categories of IAD with different aetiologies likely exist and their prevalence
is likely to depend upon the equine population under investigation (Christley and Rush
2007). Prevalence of IAD in young racehorses is high and studies using mucus scores
and/or airway neutrophilia in Thoroughbreds and Standardbreds have resulted in a
prevalence of 11-50% (Burrell 1985; MacNamara et al. 1990; Sweeney et al. 19923;
Chapman et al. 2000). In older horses, prevalence is less well studied, however it is
reported that prevalence may be up to 70% in horses maintained permanently indoors
(Robinson 2003). Incidence of IAD is also high especially in horses entering training. In
one study of Thoroughbred racehorses, 41% of horses entering a training yard developed
respiratory disease within 2 weeks (Malikides 2004). In the UK, incidence of IAD was
reported to be 8.9 cases/100 horses/month (Wood et al. 2005b). Among young racehorses
the risk of IAD decreases with age (Chapman et al. 2000; Christley et al. 2001; Wood et

15



16

al. 2005b) which may indicate tolerance to the change of environment or the development

of immunity to micro-organisms.

1.2.3 Aetiology

A variety of infectious and/or non-infectious agents may be involved in the aetiology of
IAD and various interactions maybe required for development of disease. It is likely that
the relative importance of aetiological agents is population dependent and determined by
feeding, housing, preventive medicine practices, differences in distribution of infectious
agents and genetic influences (Couétil et al. 2007). The introduction of horses to a stable
environment has been identified as a risk factor for the development of IAD (Tremblay et
al. 1993; Holcombe et al. 2001) however, little is known of the relative importance of
different respirable allergens and irritants. Airborne particulates may be ten times more
concentrated in a stable environment, compared to outdoor air and 30-40% of the
particulate matter may be sufficiently small to reach the pulmonary alveoli (Christley and
Rush 2007). Stable management practices such as cleaning and feeding and horse
movement may further increase the concentration of airborne particulates within the
breathing zone (Christley and Rush 2007). Coughing, a sign of respiratory inflammation,
persists for longer in a high dust environment (Burrell et al. 1996). The presence of
increased numbers of pulmonary mast cells and eosinophils in BALF from horses with
IAD has been proposed to indicate the involvement of aeroallergens in development of the
disease (Hare and Viel 1998; Hoffman et al. 1998), however specific immunological
mechanisms have yet to be elucidated. Endotoxin has been studied as a major pro-
inflammatory component of particulate matter. Inhaled endotoxin will induce airway
inflammation in horses formerly free of respiratory disease (Pirie et al. 2001) and the
concentration of endotoxin in the breathing zone is associated with the development of
IAD in young racehorses (Malikides 2004). Other inhalants such as sulphur dioxide,
nitrogen dioxide, ozone, carbon monoxide, ammonia, hydrogen sulphide, methane, glucan,
ultrafine organic and inorganic dust particles, micro-organisms and mite debris are all
present within the stable environment and may contribute to airway inflammation
(Christley and Rush 2007).

Transportation is also associated with lower respiratory tract inflammation (Raidal et al.
1995; Moore et al. 1996). Concentrations of aeroallergens can be as high in transport
vehicles as they are in the stable environment. Head elevation during transit results in
increased penetration of inhalants into the lower respiratory tract; as a result of reduced

mucociliary clearance (Racklyeft and Love 1990). Transport stress may also result in
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immunosuppression and reduction in pulmonary defence mechanisms (Raidal et al. 1995;
Raidal et al. 1997).

High intensity exercise is associated with respiratory tract inflammation (McCarthy et al.
1991; Moore et al. 1996; Christley et al. 2001). The reason for this is unknown, however
exercise results 